The seismic stability of the conventional-type bridge, comprising a pair of cantilever-type abutments (e.g., gravity-type or L-shaped RC structure) supporting a girder on their top via fixed and movable bearings with the unreinforced backfill, is rather low. With Integral Bridges, the girder is integrated to a pair of RC abutments. A new type, called the GRS Integral Bridge, comprising a girder integrated to the top of a pair of RC facings with the backfill reinforced with geogrid layers connected to the facings, has a much higher seismic stability. The seismic stability increases by cement-mixing part of the reinforced backfill. By analyzing the results of shaking table tests on three Integral Bridge types by the one-degree-of-freedom dynamic theory, it is shown that the seismic stability increases with an increase in the dynamic strength, the dynamic ductility and the damping capacity.
Introduction:
A conventional-type bridge comprises a pair of cantilever-type abutments (e.g., gravity-type, L-shaped RC structures) supporting a girder on their top via fixed and movable bearings with the unreinforced backfill. The seismic stability of conventional-type bridges is relatively low. On the other hand, a new bridge type, called the GRS Integral Bridge, comprising a girder integrated to a pair of abutments (i.e., RC facings) with the backfill reinforced with geogrid layers connected to the facings (Fig. 1) , has a much higher seismic stability. Moreover, serious negative effects of annual thermal deformation of the girder on the behavior of the abutments and backfill are also alleviated. These features have been validated by performing a series of model tests in the laboratory (i.e., horizontal cyclic loading tests and shaking table tests). In this study, the dynamic performance of the following three integral bridge models is analyzed ( Fig. 2) : i) the conventional Integral Bridge with unreinforced backfill (IB); ii) the GRS Integral Bridge with reinforced backfill (GRS-IB); and iii) the GRS Integral Bridge with reinforced backfill having a rectangular portion made of cement-mixed silica sand immediately behind the facings (GRS-IB-C). The analy sis w as performed in the framew ork of the single-degree-of-freedom (SDOF) theory as an approximated and simple but rational analysis, aiming at the use in ordinary design practice in the future. FEM analysis was not performed, mainly because any code that is relevant and has been validated for this complicated problem was not available.
Bridge models and test method.
(1) Bridge models:
A scale factor in length 1/l equal to 1/10 between the small scale model and its prototype was assumed. The three integral bridge models (Fig. 2) comprise a steel girder integrated to the top of a pair of full-high rigid (FHR) facings (51 cm-high) supported by a foundation (20 cm-wide), both made of duralumin. The back face of the facing and its foundation base were made rough by gluing sandpaper (No. 150) . The steel girder and the facings were connected to each other with a pair of Lshaped metal fixtures (20 cm-long, 5 cm-wide and 3 mmthick), which were designed not to become the major resisting structural component when the collapse of the bridge becomes imminent (Tatsuoka et al., 2009 ). The chosen target length of the prototype girder was equal to 20 m, which makes the model girder 2 m-long for a scale factor 1/l=1/10. However, due to the size constraint of the box (205.8 cm-long, 60 cm-wide & 140 cm-high) placed on the shaking table, the 2 m-long girder was replaced with a 60.8 cm-long steel model girder (with self-weight of 25 kg) bearing an additional mass (180 kg) at its center (Fig. 2) .
In all the tests, the supporting ground and backfill were produced by pluviating air-dried Toyoura sand (e max = 0.970; e min = 0.602; G s = 2.65; U c = 1.64; and D 50 = 0.179 mm) to obtain a relative density D r~ 90 %. To simulate the weight of the road base for railway or highway assumed to be 10 kPa, with a scale factor for stress 1/l=1/10, a surcharge of 1 kPa made of lead shot was placed on the crest of the backfill.
The backfill of the model bridges GRS-IB and GRS-IB-C was reinforced with horizontal phosphor-bronze grid layers as geogrid layers ( Figs. 2b & 2c) . The surface of the grid was made rough by gluing sand particles. In total ten grid layers were connected to the FHR facing on each side by using six bolts for a width of 59 cm per layer to ensure a high connection strength (Hirakawa et al., 2007) . In addition, with GRS-IB-C, a rectangular zone of the backfill made of cement-mixed silica sand (20 cm-length × 60 cm-wide × 51 cm-high) was produced immediately behind the facings (Fig. 2c) as follows (Nishikiori, 2007) : i) Silica sand No. 6 (e max = 1.174, e min = 0.671, G s = 2.65, U c = 1.64, D 50 = 0.179 mm; and Proctor curve (1E c by the JIS A 1210, A-b method); maximum dry density ρ max = 1.73 g/cm 3 , optimum water content w opt = 15.6 %) was mixed with Portland cement at a mixing ratio by weight c/s = 4.0 %; ii) the sand/cement mixture was mixed with tapped water at w= 17.6 %, which is larger by 2 % than w opt ; iii) the mixture w as compacted to a dry density ρ d = 1.557 g/cm 3 (i.e., a degree of compaction equal to 90 %). The mixing proportion and compaction conditions were determined based on a specified unconfined compression strength (q u ) model = 200 kPa, equivalent to q u = 2 MPa for full-scale structures; and iv) the cement-mixed Silica sand zone was produced by manual compaction using a wooden hammer in a compacted lift of 5 cm, equal to the vertical spacing between vertically adjacent reinforcement layers.
To observe the deformation of the backfill in the shaking tests, thin horizontal layers of black-dyed Toyoura sand were placed at a vertical spacing of 10 cm immediately behind the front transparent-tempered glass w i n d o w o f t h e s t e e l b o x i n w h i c h t h e m o d e l s w e r e constructed.
(2) Loading method:
The models were instrumented densely to monitor displacements, pressures, accelerations and so on throughout the test. Special attentions were paid to relations between the accelerations monitored at the shaking table and the girder. The models were subjected to twenty sinusoidal waves (i.e., twenty loading cycles) at an input frequency =5 Hz (or =10p rad.) at each stage (numbered from I to XII) as shown in Fig. 3 . The input frequency = 5 H z w as s e le c te d b as e d o n t he assumed length similitude so that =5 Hz (in the model tests) simulates typical predominant frequencies of severe earthquakes, about 1 Hz (in the full-scale) (Tatsuoka et al., 2009) , which is usually much lower than the natural frequencies under undamaged conditions of ordinary prototype bridges, including GRS Integral Bridges. The input acceleration amplitude was increased step by step with an increment of about 100 gal until failure or collapse of the bridge model took place. 
Test results:
(1) Dynamic response characteristics.
In the SDOF analysis, it was assumed that the bridge models were subjected to exact harmonic sinusoidal loading (ü b ). Then, for a given sinusoidal base acceleration, ü b (Eq. 1), the response acceleration at the girder, ü t , can be fully described as the steady-state response (E q . 2 ) after effects of transient response become negligible. M (Eq. 3) is the response acceleration ratio defined as the ratio of the acceleration amplitudes of ü t and ü b (i.e., Amp[ü t ]/Amp[ü b ] f o r e a c h o f t w e n t y sinusoidal loading cycles at each stage); (Eq. 4) is the phase difference between ü t and ü b ; = / is the natural circular frequency of the system; = /(2 ) is the damping ratio; = / is the tuning ratio; = 10 is the input circular frequency; and m, k & c are the mass, stiffness and damping of the system. For a given set of measured values of M and φ obtained from the acceleration records (Fig. 2) , the values of and were back-calculated by iteratively solving Eqs. 3 & 4.
Figs. 4a, 5a & 6a
show the results from the analysis. The following common trends with the three model bridge systems may be seen from the figures: i) The initial values of β and M are both very low , around 0.15 and 1.04, close to the values when the response is actually static (i.e., β= 0 and M= 1.0). ii) The value of β increase significantly and, as a result, so does the value of M with the input motion level and also with the number of cycle at each stage. The increasing rate increases with the input motion level. These trends are associated with the accumulation of damage to the system at an increasing rate by shaking. iii) Once the system has reached the resonant state, the M value starts decreasing associated with an increase in the β value, which is due to an increase in the damage level associated with an increase in the loading cycle at each stage and an increase in the input acceleration.
In this study, the strength against failure of a given bridge system is defined as the amplitude of the base acceleration at the resonant stage, where the maximum amplification ratio of acceleration M=M peak is obtained at = (i.e., Amp[ü b ] resonace ). At a given loading stage, the amplitude of input sinusoidal wave ü b varies slightly due to changes in the compliance of the shaking apparatus with the model. Therefore, Amp[ü b ] resonace may not be the same as the maximum amplitude of ü b at the stage at which resonance took place, denoted as Max [ ̈ ] . When shaking continues after the failure of the system at a stage, the collapse of the system takes place immediately or soon at the same stage. T a b l e 1 summarizes the strengths against failure and other quantities measured at failure of the three bridge models.
(2) Failure Patterns (a) Conventional type Integral Bridge (IB):
This model failed at stage VI ( [ ̈ ]= 547 gals). At this stage, the M and β values increased generally at a high rate with the number of loading cycles immediately before M became M peak (equal to 1.61) and β became (equal to 0.87) at state VI; 20 ( Fig. 4a) . After having passed the transient resonant state, the β value still continued increasing. The increase in the β value is due to a decrease in the stiffness of the bridge system caused by degradation of the following three resisting components: i) the coefficient of sub-grade reaction at the interface between the facings (abutments) and the backfill and supporting ground; ii) the stiffness of the backfill and supporting ground due to significant nonlinear stress-strain property, in particular after shear bands develop in the backfill associated with large outward lateral displacements of the facings; and iii) the stiffness of the L-shaped connectors (Fig. 4b) . That is; "a decrease in the stiffness of the whole system by degradation of either or two or all of the three components increases the response by approaching the resonance state, which then leads to further degradation of the components, which accelerates the process of the whole system towards failure and finally collapse". When the whole system collapsed at stage VII (
[ ̈ ]= 633 gals at = 1.16, which is larger than = 0.87), the facings rotated significantly with large pushing out at the bottom associated with significant development of shear bands in the backfill. Correspondingly, the crest of the backfill significantly settled down at distances of not only 5 cm but also 35 cm back from the facing (Fig. 4c) . At this stage (immediately after the stage at which the whole bridge system passed its transient resonant state), the stiffness of the system significantly decreased, because the
coefficient of sub-grade reaction has substantially decreased; the strength inside shear bands in the backfill has already reached its residual value; and the L-shaped connectors have already largely yielded.
(b) GRS Integral Bridge (GRS-IB):
The GRS-IB model failed when Amp[ü b ] resonace = 999 gals at β= = 0.92 at stage XI. This result indicates a significantly higher seismic stability of this model than the conventional type IB (Table 1) . By comparing the overall response behaviors of IB and GRS-IB ( Figs. 4a & 5a) , the following may be seen: i) Not only GRS-IB is much stronger but also its failure is much more ductile than IB. That is, at the end of the same stage VI, GRS-IB exhibited = 0.257 and M=1.07, w hic h are muc h lower than those of IB, which has already reached the resonance state (M= 1.61 at β= = 0.87).
ii) When GRS-IB reaches its resonance state, the M peak value is 1.38 (XI, 7 in Fig. 5a ), which is noticeably lower than the value of M peak at resonance of IB, equal to 1.61 (VI, 20 in Fig. 4a ).
Around at an acceleration level of [ ̈ ]= 950 gals, the backfill immediately back of the facings heaved slightly, caused by passive movements at the top of the facing. As the rotation of the facings progressively increased, shear bands were gradually formed in the unreinforced backfill zone immediately back of the reinforced zones (Fig. 5b) . At the same time, the backfill zone reinforced with reinforcement firmly connected to the full-height rigid facing was still very stable, exhibiting rather monolithic behavior without formation of shear bands. In this way, a significant decrease in the stiffness of the backfill, therefore that of the bridge system, was delayed, keeping very low the β value.
When
[ ̈ ]= 1 0 3 6 g a l s a t s t a g e X I , t h e Lshaped metal fixtures started yielding significantly and the facing bottom was largely pushed out associated with large rotational movements of the facings about their top. At the same time, the backfill moderately settled (Fig.  5b) . A t s t a g e X I I (
[ ̈ ]= 1119 gals), GRS-IB c o l l a p s e d w h i l e t h e β v a l u e i n c r e a s e d t o w a r d t h e maximum value = 1.464 at state XII,20 ( Fig. 5a) , which is significantly larger than = 0.92. At collapse (Fig. 5c) , the facings rotated severely, the Lshaped metal fixtures was yielding significantly and the bottom of the facings was largely pushed out, associated with pull-out failure of the reinforcement layers and/or connection failure at the back of the facing at the low level of the wall (Hirakawa et al., 2007) .
(c) GRS Integral Bridge having a rectangular cement-mixed backfill zone (GRS-IB-C):
The model started failing when [ ̈ ]=1126 gals at β= = 0.86 at stage XII. Similarly to GRS-IB, the reinforced backfill zone, in particular the cementmixed zone, immediately behind the facing exhibited monolithic behavior. No shear band developed in the cement-mixed-zone. This cement-mixing resulted in substantially higher initial stiffness and lower decreasing rate of the stiffness of the backfill (therefore, of the bridge system) than IB and GRS-IB, leading to the lowest value of β at the same loading stage and the lowest increasing rate of β among the three models (Fig.  6a) . Moreover, the M value at resonance (at state XII,20) was equal to 1.33, which was lowest among the three models (Fig. 6a) . This fact indicates that the damping ratio at resonance of the system was highest among the three models, which is due mainly to the following two factors: i) the strain in the backfill that could have become at failure was largest, therefore, the material damping ratio of the backfill became largest; and ii) t h e d y n a m i c s t r a i n e n e r g y w a s c o n s u m e d i n t h e largest mass due to the largest degree of integration among the different structural components. The second factor takes place by energy dissipation via wave propagation during sinusoidal excitation (i..e., the Rotation dissipation damping). So, even with the materials comprising are elastic, this type of phenomenon is observed. Therefore, the observed damping of the system as a SDOF could be significantly higher than the largest values of material damping of the backfill. Results from more analysis of this topic will be reported in the near future. At failure, the L-shaped metal fixtures started yielding significantly and the abutments started largely rotating forward about the top. Due to a very high stability of the reinforced backfill, in particular the cement-mixed zone, shear bands were formed slightly only in the unreinforced backfill zone back of the reinforced backfill and in the supporting ground of unreinforced Toyoura sand (Fig. 6b) . This trend of behavior prevented excessive yielding of the L-shaped fixtures. All these features resulted in the highest stiffness and the highest ductility of the bridge system (i.e., the lowest β value and the lowest increasing rate of β). As a result, the settlement of the backfill behind the facing was kept smallest.
(3) Quantification of strength and dynamic stability. (a) Strength of the bridge system:
The strength of a given bridge system is defined as the amplitude of the base acceleration at resonance (Amp[ü b ] resonace ): i.e., when the dynamic response ratio becomes the maximum (i.e., M=M peak ) at = . The strength represents the largest dynamic load that the system can withstand without exhibiting severe damage. The strength is highest with GRS-IB-C, intermediate with GRS-IB and lowest with IB ( Fig. 7) . In Fig. 7 , the largest ̈ value during the stage at which the resonant state developed (denoted as [ ̈ ] ) is also depicted.
(b) Softening rate of the bridge system:
With respective models, the failure state, at which = (Fig. 8a) and M=M peak ( Fig. 8b) , was reached after the = / value had increased at an increasing rate, initially gradually then fast (see Table 1 ). During this pre-failure process, the stiffness of the components constituting the bridge system decreased initially gradually then fast. The decreasing rate was increasing at failure, then accelerated after failure until reaching the collapse state. These observations indicate that the following measures are effective to maintain the bridge system dynamically stable: i.e., i) making larger the initial stiffness of the system to make smaller the initial value of , which makes smaller the initial response and therefore the initial damage to the system; and ii) making smaller the decreasing rate of the stiffness of the system and making larger the residual stiffness after large deformation, both of which make smaller the increasing rate of , slowing down the process to failure. By these two measures, the resonant state may not be reached.
It may be seen from Fig. 8a that the β values of the three systems start increasing from similar very small initial values, about 0.15. This result indicates that the initial stiffness values of the three bridge systems, when the strain level in the backfill is very low, are similar, therefore, measure i) does not work effectively in the present c ase. O n the other hand, as the input motio n becomes larger, the β value consistently increases with the number of cycle (from 1 to 20) at each stage and with a stepwise increase in the base acceleration (from stages I to XII) toward a value at resonance, = (Fig.  8a) , due to a decrease in the natural frequency toward the input frequency . It may be seen from Figs. 8 a &  b that, with the respective models, the increasing rates of both β and M at each stage increases with an increase in the base acceleration. This is due to that the damage rate with cyclic loading increases with an increase in the deformation associated with an increase in the base acceleration. Importantly, the increasing rates of β and M are largely different among the three models (Fig. 8b) . That is, differences in the stiffness among the three models increase with an increase in the input motion level, which means that measure ii) above is very effective to make the system dynamically stable.
It is seen from Fig. 9 how fast or slow the system reached its resonant state with an increase in the base acceleration, associated with an increase in β = β /β , where β is the maximum β value at each stage (Fig. 8a) . If β < 1.0, the system is before reaching its resonant state; if β becomes close to 1.0, the resonant state is imminent; and if β > 1.0, the system has already passed its transient resonant state while is approaching the collapse state. Therefore, it can be concluded that reinforcing the backfill with horizontal grid layers connected to the facing (GRS-IB) not only effectively increases the initial stiffness of the bridge system but also substantially decreases the decreasing r a t e o f t h e s t i f f n e s s , b o t h k e e p i n g t h eβ value sufficiently lower than β = 1.0 when the system is subjected to high accelerations. Cement-mixing a zone of the reinforced backfill (GRS-IB-C) makes the bridge system stiffer and decreases more the decreasing rate of the stiffness.
(c) Maximum response ratio of acceleration
The maximum acceleration of the girder to be anticipated for a given design seismic event is one of the crucial seismic design factors. The upper bound of this value is equal to the response ratio of acceleration at the resonant state (when β= β resonance ) times a given design base acceleration (i.e., the design peak horizontal ground acceleration) for a given bridge system. The β resonance value decreases with an increase in the damping ratio of the system that can be attained at resonance. Fig. 10 shows a typical time-history of tanθ, where θ i s t h e t i l t i n g a n g l e o f t h e f a c i n g o f G R S -I B , w h i c h represents the average shear strain γ in the backfill. The γ value comprises the average shear strain γ ave and the cyclic shear strain γ cyc . It may be seen from Fig. 11a that the damping ratio generally increases with an increase in γ cyc until some stage. In a broad sense, this trend is consistent with the trend of material damping observed in cyclic torsional shear tests of sand (e.g., Tatsuoka et al., 1978). However, the damping ratio tends to exceed the possible largest value for material damping, equal to 2/π for rigid-perfectly plastic behavior. This is due to that the measured damping includes the dissipation damping by wave propagation, as discussed earlier.
Subsequently, the damping ratio obviously decreases while γ cyc continuously increases, unlike the behavior of material damping in cyclic stress-strain tests of sand. This trend may be attributed to a decrease in the dissipation damping described above due to the disintegration of the structural components of the bridge system (i.e., a girder, facings, backfill and supporting ground), mainly produced by the following three factors: a) a separation between the facing and the backfill due to large deformation and settlement of the backfill; b) a large decrease in the coefficient of sub-grade reaction at the facing bottom, due to non-linear stressstrain behavior of soil and a loss of the contact between the facing bottom with the supporting ground; and c) disconnection of the reinforcement at the facing (when reinforcement layers are used). It was considered that the damping ratio of a bridge system, which is the material damping and the dissipation damping, for a given cyclic tilting of the facing (tan θ) decreases as the facing becomes more separated from the other structural parts. If the girderfacing system behaves more like a single-integrated body largely separated from the backfill and supporting ground, the damping ratio at a given tan θ value would be significantly smaller than the case in which the bridge system is gradually disintegrated (i.e., in the actual tests). Then, the following trends may be seen from Fig. 11a : i) With IB, the damping ratio tends to gradually decrease after stage V ( [ ̈ ]=445 gals) and this trend continues when approaching the failure state, then until the collapse state. This trend is due likely to factors a) and b) above (Fig. 4b & 4c) . ii) With GRS-IB and GRS-IB-C, did not tend to noticeably decrease before failure (i.e., stages X, where
[ ̈ ]= 950 gals and XI, where [ ̈ ]=1036 gals, respectively). This trend may indicate that reinforcing the backfill and cement-mixing part of the reinforced backfill contributed greatly to the unification between the backfill and the facings. After failure, like IB, the damping ratio decreased due likely to factor b) (Fig. 5b, 5c & 6b) . Yet, the decrease in the damping ratio after failure is particularly small with GRS-IB-C, which is due probably to less disintegration.
In the seismic design of ordinary RC frame-structures, a relatively low damping ratio at failure (about 0.05) is assumed. At the largest, = 0.2 may be assumed for very severely damaged conditions. On the other hand, it may be seen from that, with the three types of integral bridges, the value has already becomes much higher than 0.2 far before reaching the failure state ( Fig. 11a ) and the value becomes much larger at resonance (Fig.  11b) , both resulting in relative low dynamic responses before and at failure. This advantageous feature is due mainly to a very high material damping in the backfill and a large energy dissipating from the facing into the backfill and supporting ground. It may also be seen that the value at failure is largely different among the three integral bridges, but it increases with an increase in the dynamic stability of the bridge system. That is, GRS-IB and GRS-IB-C (particularly GRS-IB-C) can survive higher seismic loads partly by dissipating more strain energy before, at and after failure than the IB.
Conclusions.
The following conclusions can be derived: 1) With conventional type integral bridge (IB) with unreinforced backfill, the failure is accelerated by a rapid decrease in the natural frequency (f n ) of the structure toward the value at resonance, causing brittle failure and collapse. The decrease in the f n value is due to a decrease in the stiffness due to non-linear stress-strain behavior of the backfill as well as yielding of the girder/facing connection and at the interface between the facings and the backfill and supporting ground.
2) The dynamic stability of GRS-IB is considerably higher than conventional IB, which becomes more relevant as the input acceleration increases. This is due to the following significant positive effects of reinforcing the backfill with geogrid layers firmly connected to the facings: i.e., i) an increases in the initial stiffness of the bridge system; ii) a decrease in the decreasing rate of the stiffness; and iii) an increase in the damping ratio during the process of failure and collapse by better keeping a structural integrity. These effects are further enhanced by cement-mixing a zone of the reinforced backfill immediately behind the facing (i.e., GRS-IB-C).
3) The mechanism explained above can be conveniently interpreted by the dynamic response characteristics of one-degree-of-freedom system. That is, a higher initial stiffness makes lower the initial value of β= 'input frequency'/f n , which makes the initial response ratio M smaller. A lower increasing rate of β delays an increase in β, which result in less damage to the system. The resonant state is not reached if always β < 1.0. A higher resistance against system disintegration also keeps the β value low during the process of failure and collapse. These factors make the failure of GRS-IB and GRS-IB-C more ductile (i.e., less brittle). 4) Failure of the bridge system increases the response by approaching the resonance state, which accelerates failure of the system. A high dynamic ductility of the system delays this process, which can be achieved by integrating more firmly the structural components (i.e., the girder, the abutments (or facings), the backfill and the supporting ground) and making more difficult the disintegration of these structural components. The different trends of behavior among the three integral bridges can be explained by these factors. 5) With the bridge systems presented in this study, as a SDOF system, damping ratios under undamaged conditions are considerably higher than those of ordinary RC structures due to a higher capacity for strain energy dissipation of the backfill. This is particularly the case with a system that is less disintegrated at higher input accelerations.
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